Hydroxylated steroids are pharmaceutically very interesting bioactive compounds. 9␣-Hydroxylated steroids are of particular importance for the synthesis of corticoids such as 9␣fluorohydrocortisone. Microorganisms are widely used for the stereo-specific hydroxylation of steroids, but little is known about the enzymes involved, and current processes suffer from low conversion rates and yields (12, 18, 23) .
Rhodococcus species are well known for their broad catabolic potential and ability to degrade sterols and steroids (14, 21, 25, 39) . In this paper, we focus on 3-ketosteroid 9␣-hydroxylase (KSH), which is essential for the growth of Rhodococcus strains on steroids (38) . KSH acts on the B-ring of 3-keto-⌬4 steroids, e.g., 4-androstene-3,17-dione (AD), introducing a 9␣hydroxyl moiety (Fig. 1) . Subsequent ⌬1-dehydrogenation of 9␣-hydroxy-AD (9OHAD) by 3-ketosteroid ⌬1-dehydrogenase (⌬1-KSTD) initiates the opening of the B-ring through formation of a chemically unstable intermediate that spontaneously hydrolyzes, forming 3-hydroxy-9,10-secoandrost-1,3,5(10)triene-9,17-dione (3-HSA). KSH activity has been observed in various actinobacterial genera, e.g., Mycobacterium (1, 3, 6) , Nocardia (35) , Arthrobacter (11) , and Rhodococcus (38) . In view of their amino acid sequences, KSH enzymes are pre-dicted to belong to the class IA monooxygenases (5, 38) . Monooxygenases, or mixed-function oxidases, incorporate one atom of O 2 into the substrate (oxygenase function). The second atom of O 2 is reduced to H 2 O (oxidase function) (17, 24) . By definition, class IA monooxygenases are two-component systems consisting of a terminal oxygenase (KshA of KSH) and a ferredoxin reductase (KshB of KSH). The reductase component is a flavoprotein containing an NAD-binding domain and a plant-type iron-sulfur cluster, [Fe 2 S 2 Cys 4 ]. A Rieske-type iron-sulfur cluster, [Fe 2 S 2 Cys 2 His 2 ], and a non-heme Fe 2ϩbinding domain are characteristic for the terminal oxygenase (5, 38) . The two protein subunits are linked by an electron transport chain. NAD(P)H donates electrons to the flavin of the reductase; these electrons are transferred via the ironsulfur clusters to the oxygenase, eventually leading to hydroxylation of the substrate (Fig. 1) . The non-heme Fe 2ϩ is involved in the binding and activation of O 2 and substrate hydroxylation (4, 10, 13, 36) .
The kshA and kshB genes, encoding KshA and KshB, respectively, were first identified in Rhodococcus erythropolis SQ1 (38) . Gene deletion studies have shown that both kshA and kshB of R. erythropolis SQ1 were required for KSH activity, suggesting that these two proteins constitute KSH. Biochemical evidence for this interaction, however, had been lacking. In fact, knowledge of KSH at the biochemical level has been extremely limited. Steroid 9␣-hydroxylation has been reported to occur in cell extracts of Nocardia restricta (7) , and a partly purified three-component enzyme system of Nocardia species M117 has been described (35) . Heterologous expression of kshA of M. smegmatis mc 2 155 in Escherichia coli has recently been reported (1, 3) . Upon purification, however, KSH activities were lost or became too low for biochemical characterization of the enzyme. Recently, the heterologous expression and characterization of KSH of Mycobacterium tuberculosis H37Rv was reported and a crystal structure of KshA was described (6) . Addition of Fe 2ϩ -chelating agents to cell cultures of Rhodococcus rhodochrous DSM 43269 (ϭ IFO3338) incubated with cholesterol was shown to chemically inactivate KSH, resulting in the accumulation of pharmaceutically interesting steroid pathway intermediates, i.e., 1,4-androstadiene-3,17-dione (ADD) and 23,24-bisnorcholesta-1,4-diene-22-oic acid (2) . A single kshA ortholog (locus tag rv3526) has been identified in the genome of the human pathogen M. tuberculosis H37Rv (9, 40) . Intriguingly, H37Rv genome-wide studies have revealed that rv3526 is specifically upregulated in macrophages and that rv3526 is important for the survival of M. tuberculosis in macrophages (29, 32, 34) . Since no human homolog exists, KSH may provide a novel target for the treatment of a devastating disease, tuberculosis. Detailed knowledge about the biochemical properties of KSH thus is highly relevant in the research fields of biotechnology and medicine.
Here, we report the characterization of purified and reconstituted KSH and show at the biochemical level that both KshA and KshB are essential components of the two-component, iron-sulfur-containing KSH of R. rhodochrous.
MATERIALS AND METHODS

Steroids.
Structures of steroids used in this study are shown in Fig. S1 in the supplemental material. AD, ADD, 19-nor-AD (nordion), 3␣-hydroxy-5␣-pregnane-20-one, 5␣-androstan-17␤-ol-3-one (stanolon), 3␤-hydroxy-5␣-androstane-17-one, and 9␣-hydroxy-AD were obtained from Schering-Plough. 17␤-Hydroxy-4-androstene-3-one (testosterone), 11␤-hydrocortisone, 4-cholestene-3-one (cholestenone), and 5-cholestene-3␤-ol (cholesterol) were obtained from Sigma-Aldrich. 4-Pregnene-3,20-dione (progesterone) was obtained from ICN Biomedicals Inc. 1- (5␣)-Androstene-3,17-dione, 5␣-androstane-3,17-dione,  5␤-androstane-3,17-dione, 5␣-androstane-17-one, and 4-pregnene-3-one-20␤-carboxylic acid were obtained from Steraloids. Cloning of kshA and kshB from R. rhodochrous DSM 43269. Chromosomal DNA of R. rhodochrous DSM 43269 (DSMZ culture collection, Braunschweig, Germany) grown in LB (Luria-Bertani) broth (Sigma-Aldrich) was isolated using a genomic DNA isolation kit (Sigma-Aldrich), digested by Sau3A, sized by sucrose gradient centrifugation (6 to 10 kb), and ligated into BglII-digested pRESQ (38) . Transformation of E. coli DH5␣ (Bethesda Research Laboratories) with the ligation mixture generated a genomic library of approximately 16,000 transformants, in which approximately 90% of the constructs contained an insert. The sizes of the inserts varied considerably (6 to 20 kb).
The Heterologous kshA and kshB expression and protein purification. The kshA gene was amplified by PCR (Expand long-template PCR system polymerase [0.1 U/25 l]; Roche) from chromosomal DNA of R. rhodochrous DSM 43269 using kshA-specific primers (forward primer KshARho-4-F, 5Ј-CATATGACCGTCC CTCAGGAGCG-3Ј, and reverse primer KshARho-4-R, 5Ј-GCGTCACTCCGC CGTACCGGCGA-3Ј). The PCR product was cloned into an EcoRV-digested pZero2.1 (Invitrogen) vector (pKSH804). A 1,176-bp NdeI-BamHI fragment of pKSH804 was ligated into pET15b (Novagen), which had been digested with NdeI-BamHI (pKSH808). The kshB gene was amplified by PCR (0.02 U Vent polymerase; New England Biolabs Inc.) from chromosomal DNA of R. rhodochrous DSM 43269 with kshB-specific primers (forward primer KshBrho-F, 5Ј-CATATGACGACTGTCGAGGTG-3Ј, and reverse primer KshBrho-R, 5Ј-GG TTCAGAACTCGATCTTGAGG-3Ј). The PCR product was cloned into EcoRV-digested pZero2.1 (pBrho4). The 1,119-bp NdeI-HindIII fragment of pBrho4 was ligated into pET15b, digested with NdeI-HindIII (pBrho5). The construct for coexpression was made by ligation of a 1,216-bp XbaI-HindIII fragment of pBrho5 into pKSH808, digested with SpeI-HindIII (pA4rho4) ( Fig.  2 ). Expression plasmids were used to transform E. coli BL21(DE3) (Invitrogen) or E. coli C41(DE3) (26) . Cultures of E. coli harboring expression plasmids were grown (37°C, 200 rpm) in LB broth supplemented with ampicillin (100 g/ml) to an optical density at 660 nm (OD 660 ) approximately equal to 0.2. Isopropyl-␤-D-thiogalactopyranoside (IPTG; 1 mM) was added for induction, and the cultures were incubated at 30°C and 200 rpm for an additional 4 h. The cells were washed in 50 mM Tris-HCl buffer, pH 7.0, disrupted with a French press, and centrifuged at 20,000 ϫ g for 30 min at 4°C (Sorvall SS-34). All subsequent purification steps were performed at 4°C. Cell extracts were loaded on a Ninitrilotriacetic acid column (Sigma-Aldrich) for His tag purification and washed with buffer (50 mM Tris-HCl, pH 7.0, 500 mM NaCl) containing 0, 5, 15, and 30 mM imidazole. KshA and KshB were eluted from the column with 1 to 2 ml of elution buffer (50 mM Tris-HCl, pH 7.0, 500 mM NaCl, 100 mM imidazole).
Whole-cell steroid bioconversion by recombinant E. coli cells. Cell cultures of E. coli BL21(DE3) harboring the expression vector pKSH808 (kshA) and cell cultures of E. coli C41(DE3) harboring the expression vector pBrho5 (kshB) or pA4rho4 (kshA and kshB) were grown in triplicate in 25 ml LB broth at 37°C to an OD 660 of approximately 0.2. At this point, IPTG (1 mM) and AD (1 g/liter) were added to the cultures and the incubation was continued at 30°C. Cultures of E. coli C41(DE3) harboring pET15b were used as a negative control.
Samples were taken 4, 6, 7.5, 24, and 48 h after IPTG induction and diluted fivefold in 80% methanol-H 2 O prior to analysis by high-performance liquid chromatography with UV detection (HPLC-UV) (see below). Product formation (9OHAD) was quantified using a calibration curve of authentic 9OHAD (200 to 800 M).
Analysis of the KshB flavin cofactor. The flavin cofactor KshB was extracted in quadruplicate by acid treatment (27) . Perchloric acid (70 to 72%) was added at a 3% (vol/vol) final concentration to purified KshB (0.6 to 1.5 mg/ml protein), and the mixture was incubated for 1 h at 4°C and centrifuged at 10,000 ϫ g for 10 min at 4°C (Sorvall SS-34). The supernatant containing the released flavin was Standard KshB reductase activity assay. The reductase activity of KshB was measured spectrophotometrically (600 nm) in an assay with NAD(P)H (0.25 mM) as the electron donor and 2,6-dichlorophenolindophenol (DCPIP; 0.1 mM) as the electron acceptor (ε ϭ 21 mM/cm). KshB (1 to 2 g) was added to the assay. Assays were performed at room temperature (22°C) in Tris-HCl (50 mM; pH 7.0) buffer.
Determination of the content of iron and acid-labile sulfur in KshB and KSH. The iron content of KshB and KSH was determined using the method described by Fischer and Price (15) , as modified by Zabinski et al. (43) . FeCl 3 was used as a standard. The acid-labile sulfur contents of these proteins were determined using the method described by Chen and Mortenson (8) .
Standard KSH enzyme activity assay. The KSH activity assay mixture (total volume, 500 l) consisted of 50 mM Tris-HCl buffer (pH 7.0), NADH (105 M), and purified, coexpressed KshA and KshB (20 to 25 g). The reaction was started by the addition of 250 M steroid substrate dissolved in 2-propanol (100%). All assays were performed at 35°C, unless stated otherwise. Soft-max PRO4 (Life Science edition) program was used to continuously record NADH oxidation at 340 nm (ε ϭ 6.22 mM/cm). Sigmaplot version 10.0 was used to process the data using the Michaelis-Menten formula y ϭ (a ϫ x)/(b ϩ x), where y is the reaction velocity, a is the maximum velocity, x is the substrate concentration, and b is the half-saturation constant. The relation between enzyme activity and pH was measured using citric acid-phosphate buffers (pHs 5 to 7) and Tris-HCl buffers (pHs 7 to 9). The low solubility of steroids may affect the measurement. Therefore, the kinetic parameters do not represent absolute but rather relative values, providing a strong indication of the substrate preference of KSH.
Product formation was analyzed by HPLC-UV on an Alltima C 18 column (250 by 4.6 mm; particle size, 5 m) at 35°C using methanol-water (80:20) as a mobile phase (1 ml/min) at 254 nm. Samples were diluted fivefold with 80% methanol in water prior to analysis.
Confirmation of 9␣-hydroxy-AD product formation by KSH.
A KSH activity assay was performed using AD as the steroid substrate. The assay mixture consisted of KSH (184 g/ml), NADH (320 M), AD (200 M), and Tris-HCl (50 mM, pH 7.0). The mixture was incubated for 16 h at 30°C and 220 rpm. Steroids were extracted from the assay mixture with dichloromethane and dried by N 2 evaporation.
The extracted steroids (200 M) were analyzed by LC-mass spectrometry (MS) analysis. HPLC was performed on an Alltima C 18 column (250 by 4.6 mm; particle size, 5 m) at 35°C using methanol-water (80:20) as a mobile phase (0.5 ml/min). MS was performed using atmospheric-pressure chemical ionization.
The extracted steroids were also used as a substrate in an assay with the ⌬1-KSTD enzyme of R. erythropolis SQ1 (20, 37) and analyzed for the formation of 3-HSA. The ⌬1-KSTD dehydrogenation reaction mixture consisted of KSH steroid extract (200 M), DCPIP (50 M), and ⌬1-KSTD enzyme (74.8 g/ml) in Tris-HCl buffer (50 mM pH 7.0). HPLC analysis with diode array detection was performed using a Lichrosorb reversed-phase C 18 column (250 by 4.6 mm) at 35°C with methanol-water (70:30) as the mobile phase (1 ml/min). Samples were diluted fivefold in 70% methanol prior to analysis. Authentic 3-HSA (Schering-Plough, Oss, The Netherlands) was used as a standard.
Influence of metal ions on KSH and KshB activities. Divalent metal ions or Fe 3ϩ ions were added at a final concentration of 100 M to standard KSH or KshB enzyme assays. Activities measured in a standard assay mixture were set to 100%. No effect on KSH or KshB activity was observed following the addition of 0.1 M HCl (1:100, vol/vol) (the control). The following compounds, prepared in 10 mM stock solutions in 0. vector for heterologous expression in E. coli. SDS-PAGE analysis of proteins in cell extracts showed that expression of kshA (calculated molecular mass of the His-tagged protein, 44.3 kDa) was achieved in E. coli BL21(DE3) but that expression of kshB (calculated molecular mass of the His-tagged protein, 38.7 kDa) was obtained only with E. coli C41(DE3). Standard KSH enzyme activity assays, using E. coli extracts with the KshA and KshB components expressed separately or jointly plus NADH and AD as substrates, resulted in a clear disappearance of AD and the appearance of a new product, identified by HPLC-UV as 9OHAD, using an authentic reference sample (Fig. 3) . The time point of IPTG induction for KshA expression proved crucial for high KSH hydroxylation activity; specific enzyme activity was considerably higher when IPTG induction was started at an OD 660 of 0.2 instead of an OD 660 of 0.5.
RESULTS AND DISCUSSION
Cloning
Whole-cell steroid bioconversion by recombinant E. coli cells. Cell cultures of E. coli C41(DE3) coexpressing KshA and
KshB displayed excellent steroid bioconversion potential, converting AD (1 g/liter) into 9OHAD within 48 h of incubation after IPTG induction in a Ͼ60% molar yield ( Fig. 4) . No AD conversion occurred with E. coli cells expressing only KshA or KshB, indicating that both KshA and KshB are essential components of KSH activity. Conversion of AD to 9OHAD was also not detected in cultures of E. coli C41(DE3) harboring the pET15b vector as a negative control.
(Co)Purification of KshA and KshB proteins. Both KSH subunits KshA and KshB were His tag purified separately. Addition of the purified KSH subunits separately to a standard KSH assay mixture with AD as a substrate, however, did not result in detectable KSH activity. Purified KshB was still active in the reductase assay with DCPIP, indicating either that the KshA component lost activity upon purification or that reconstitution of a functional KshAB enzyme complex failed. The purified R. rhodochrous KshB (0.5 to 2 mg/ml protein) could be stored (in 20% glycerol) at Ϫ20°C for several weeks without significant loss of activity. In contrast, rapid loss of KSH activity was observed in cell extracts stored at Ϫ20°C (in 20% glycerol). These observations indicate that the R. rhodochrous KshA protein was unstable under these conditions. Interestingly, active KshA could be purified when E. coli extract with KshA was mixed with E. coli extract with KshB, prior to the loading of these extracts onto the Ni-nitrilotriacetic acid column. This resulted in coelution of both proteins and detection of KSH activity in the standard assay. As an alternative, plasmid pA4rho4 (Fig. 2 ) was constructed to attempt coexpression of kshA and kshB in E. coli C41(DE3) and subsequent copurification of KshA and KshB proteins (Fig. 5 ). Coexpression and copurification of KshA and KshB dramatically enhanced the in vitro KSH enzyme activity. This marked effect of coexpression and copurification on KSH activity strongly suggests that protein-protein interactions between the KshA and KshB subunits are critically important for maintaining KSH activity. KshA may be kept in a reduced state by the presence of KshB during purification, mimicking purification in the presence of reducing agents or under anaerobic conditions, as has been reported for several other related oxygenases (4, 6, 22, 30, 42) . The molar ratio of KshA and KshB protein in purified KSH was determined as 1:(0.83 Ϯ 0.058). The iron and acid-labile sulfur content of KSH was determined to be 3.94 Ϯ 
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CHARACTERIZATION OF 3-KETOSTEROID 9␣-HYDROXYLASE 5303 0.08 mol and 4.3 Ϯ 1 mol per mol of KSH, respectively. The spectra of purified and dithionite-reduced KSH were characteristic for the presence of an [Fe 2 S 2 ] cluster (Fig. 6A ). The activity of purified KSH could now be determined spectrophotometrically by measuring substrate (e.g., AD)-dependent NADH oxidation at 340 nm, which was not possible in cell extracts because of high background NADH oxidation activity. Dialysis of the purified sample (3 h at 4°C) to remove imidazole and NaCl reduced KSH activity to about 30% of the original activity, which could have resulted from the loss of non-heme Fe 2ϩ present in KshA during dialysis. However, the loss of activity could not be restored by the addition of Fe 2ϩ and thus might have resulted from protein unfolding or loss of protein-protein interactions between KshA and KshB following dialysis. Undialyzed, purified KSH (1 to 2 mg/ml) could be stored for at least 2 weeks in 20% glycerol at Ϫ20°C without significant loss of activity and was used for all subsequent experiments. Biochemical characterization of KshB as an NADH-dependent oxygenase-reductase. In the reductase assay with DCPIP, purified KshB was strictly NADH dependent for activity (specific activity ϭ 4.1 mol min Ϫ1 mg Ϫ1 ). No activity was found in a reductase assay with NADPH as the electron donor. Purified KshB had an orange color, which is in agreement with the presence of a flavin and a plant-type iron-sulfur cluster (4). Cofactor extraction from KshB and subsequent HPLC analysis of this extract identified the cofactor as FAD (0.72 Ϯ 0.14 mol FAD per mol KshB) (Fig. 7) . The spectrum of KshB was consistent with the presence of an [Fe 2 S 2 ] cluster (Fig. 6B ). The purified material contained 1.75 Ϯ 0.25 mol iron and 2.03 Ϯ 0.37 mol acid-labile sulfur per mol of KshB. The flavin cofactor of KshB is clearly noncovalently bound, running separately from KshB on an SDS-PAGE gel, visualized by acetic acid treatment of an SDS-PAGE gel and UV (254 nm) irradiation.
The amino acid sequences of KshA and KshB predict that Rhodococcus KSH belongs to the class IA monooxygenases (38; this study). By definition, oxygenase reductases of class IA monooxygenases contain FMN as a cofactor, whereas class IB oxygenase reductases contain FAD (5) . Our finding in the present study that FAD acts as a KshB cofactor thus is not consistent with the classification of this protein in class IA.
Several other examples of enzymes that do not fit the Batie classification of ring-hydroxylating oxygenases have been reported (19, 31, 33) . Another classification system has been proposed for oxygenase components involved in ring-hydroxylating oxygenations (28) . In this scheme, based on amino acid sequences of terminal oxygenases, KshA of KSH belongs to Characteristics of the reconstituted KSH enzyme system. To confirm that KSH activity is dependent on KshA, KshB, and NADH, we performed standard steroid hydroxylation activity assays using AD as the substrate and analyzed product formation by HPLC. Purified KshB and E. coli cell extracts containing active KshA were used, instead of copurified KshA and KshB, enabling us to omit each of the components of the KSH system. Omitting KshA, KshB, or NADH separately from the reaction mixture resulted in no detectable KSH activity, indicating that these are all essential components. Interestingly, the KSH-specific activity of copurified KshA and KshB (16 g), using AD (100 M) as the substrate, could be maximally enhanced nearly twofold by the addition of purified KshB (15 g) (510 Ϯ 8 nmol min Ϫ1 mg Ϫ1 KSH). At saturated KshB levels (4 g copurified KshAB with 34 g KshB), however, the KSH-specific activity was significantly lower (150 Ϯ 18 nmol min Ϫ1 mg Ϫ1 KSH). Since the increase in KSH-specific activity was less than twofold, we decided to perform all subsequent experiments with copurified KSH without the addition of purified KshB.
Next, the optimal temperature and pH of KSH were determined using copurified KshA/KshB. Activity measurements at different temperatures and pH values revealed a rather narrow pH range with an optimum of pH 7.0 and a temperature optimum of 33°C. No decrease in the initial KSH enzyme activity was observed after a 5-min preincubation at 35°C, indicating that the KSH enzyme was stable during the assay. Initial activity was reduced by 25% following a 30-min preincubation at 35°C.
The KSH-dependent introduction of a 9␣-hydroxyl moiety into AD was also investigated. The hydroxylated product formed during an overnight incubation of AD (200 M) with copurified and reconstituted KSH was extracted and analyzed by LC-MS. The MS spectrum of the product of the KSH activity assay was identical to the spectrum of authentic 9OHAD, confirming C9␣-hydroxylation by KSH.
The steroid extract from the KSH reaction mixture was additionally used in a ⌬1-KSTD enzyme assay. ⌬1-Dehydrogenation of 9OHAD results in a chemically unstable compound (9OHADD), leading to a nonenzymatic B-ring opening and the formation of 3-HSA. HPLC analysis with diode array detection of the KSTD reaction mixture indeed confirmed the disappearance of 9OHAD and the formation of 3-HSA.
The non-heme Fe 2ϩ binding domain of KshA is predicted to be important in catalysis (10) . Indeed, addition of o-phenanthroline (100 M), a highly specific Fe 2ϩ chelator, to the standard KSH enzyme assay resulted in an 80% reduction of KSH activity. The activity of KshB in the reductase assay was not reduced by the same treatment, confirming that Fe 2ϩ bound in the non-heme Fe 2ϩ domain in KshA is important for KSH activity.
Influence of divalent metal ions on KshB reductase and KSH activities. The influence of metal ions on KshB reductase and KSH activities in a standard enzyme assay was studied ( Table 1) . AD (100 M) was added as the substrate to the KSH activity assay. None of the metal ions added enhanced the activity of KSH or KshB substantially. Addition of Fe 2ϩ , Ca 2ϩ , Mn 2ϩ , or Mg 2ϩ to the enzyme mixture had a significant effect neither on KSH activity nor on KshB reductase activity. Several metals, however, were shown to inhibit the hydroxylation activity. Zn 2ϩ was the strongest inhibitor, completely abolishing KSH activity. The inhibitory effects of Fe 3ϩ , Co 2ϩ , Zn 2ϩ , and Ni 2ϩ on KSH activity clearly are KshA specific, since the reductase activity of KshB was not inhibited by these metal ions. KshB was inhibited only by copper. It has been reported that copper can disrupt the binding of FAD (16) . In view of the inhibitory effect of Ni 2ϩ on KSH activity, the nickel affinity column chromatography step used for purification of Histagged proteins in hindsight appears less suited. This may at least partly explain the KshA activity loss.
KSH acts on 3-ketosteroids with a range of A-ring configurations.
To determine the substrate range of KSH, standard enzyme assays were performed with a range of steroid sub- Table 2 ). The enzyme followed Michaelis-Menten kinetics, and maximal reaction rates were observed with several substrates in the range of 10 to 100 M. NADH oxidation was well coupled to steroid substrate utilization as determined by HPLC or gas chromatography. The highest KSH activity was observed with AD, ADD, 4-androstene-17␤ol-3-one (testosterone) and 4-pregnene-3,20-dione (progesterone) ( Table 2) . K m values for these substrates, however, were below 10 M and could not be determined accurately, since KSH reaction rates at substrate concentrations below 10 M resulted in minimal differences in absorbance at 340 nm and inaccurate Michaelis-Menten curves. On the other hand, K m values for 19-nor-AD (10 Ϯ 1 M), 5␣-androstane-3,17-dione (23 Ϯ 2 M), and 5␤-androstane-3,17-dione (33 Ϯ 5 M) could be accurately determined. KSH accepts a variety of steroid substrates with different A-ring confirmations. The highest KSH activity was observed with 3-keto-⌬4 steroid substrates, e.g., AD. The presence of a 3-keto moiety appears essential for KSH activity: no activity was found with 3␣-or 3␤-hydroxysteroids or steroids without a hydroxyl moiety at this position. The configuration of the Aring does not appear to play an important role in determining substrate specificity, provided that a 3-keto moiety is present. Activity was observed with saturated 3-ketosteroids having either a 5␣-H or a 5␤-H configuration, as well as with unsaturated ⌬1, ⌬4, and ⌬1,4 3-ketosteroids (Table 2) . Striking is the difference in substrate affinity observed for 1-(5␣)-androstene-3,17-dione and 5␣-androstane-3,17-dione. The ⌬1 unsaturated bond in the former appears to make the substrate more favorable for the enzyme, suggesting that in vivo 9␣-hydroxylation might be preceded by ⌬1-dehydrogenation. The ability of KSH to use 4-androstene-17␤-ol-3-one (testosterone) but not 5␣androstane-17␤-ol-3-one (stanolon) as a substrate is remarkable, since activity was observed with 5␣-androstane-3,17-dione. Apparently, the active site of KshA cannot accommodate steroids with a 17␤-hydroxyl group and a 5␣-H-configuration simultaneously. The substituent present at the C-17 position of the steroid molecule appears to be an important determinant of KSH substrate specificity. Unlike with progesterone, a C 21 steroid with a relatively small side chain, no KSH activity was observed with 4-pregnene-3-one-20␤-carboxylic acid (C 22 ) or 4-cholestene-3-one (C 27 ), with more bulky side chains ( Table 2) .
The stereo-specific steroid hydroxylation catalyzed by the KSH system, its subtle substrate specificity for various 3-ketosteroids, and the efficient use of AD in E. coli whole-cell bioconversions make this R. rhodochrous DSM 43269 enzyme an interesting candidate for industrial applications. a Control activity is the activity measured in a standard assay, which was set at 100%.
b The influence of Fe 2ϩ on the KshB reductase activity could not be determined because of interference with the assay. 
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